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INTRODUCTION 


We know that when a beam of lizht passes through a medium containing 
small opaque grains, a halo of diffracted light is formed by the grains 
€round the incident beam, As example, we may take the halo produced around 
the moon by droplets of mist and the well-known classroom experiment with 
powdered lycopodium, The intensity of the diffracted light is greatest in 
the direction of the incident rays themselves, decreases with the angle ¢_ 
given approximately by the fundamental equation: 


C “&, | (1) 


where A is the wave longth of ‘the se and a the average diameter of the 
particles, For the phenomenon to bo observable, tho value of this diamoter 
mst be 10 to 100 times that of the wave length. 


1] The Buroau of Mines will welcome reprinting of this paper, provided tho 


following aclmowledzment is used: “Reprinted from Bureau of Minos 
Information Circular 7391." 
2/ Laboratoire dtessais du Consorvatoire national des arts ot Motiors. 
3/ Chemist, Roscarch and Devolopment Division, Bureau of Mincs, Contral 
Experiment Station, Pittsburgh, Pa. 
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This same phcnomcnon of diffraction may ‘bo transposed into the X-ray 
domain, All that is necossary is to reduc¢, in-the same proporticn, the 
wave length of. the light and the “diamotor™ of - ‘the particle; ; thus, with radi- 
ations whoso wave length is of tho ordoy of angstroms, the dimensions of 
the active particles go from 10 to 100 A -.that is, the dimensions of col- 
loidal particles. Tho ovidence of this fact ig shown by the following 
oxperimcntal schome (fig. la): A narrow beam of X-rays passes through a 
thin laycr of a modivum containing micelles; the photographic film is placed 
a few centimeters behind the sample, and a small absorbing screen stops 
the direct beam in order to prevent its fogging the film, The intersect of 
the direct beam is surrounded by a narrow .8pgt whose blackness decreases 
with the distance from the center. We will call this the spot of central 
diffusion (fig. lb). The phenomenon, in spite of its relatively great 
intensity, has been observed only by a few authors as who have simply 
given &@ qualitative description without attempting any quantitative de- 
ductione.-.This.is. dup, to the, fact that observetion of this phenonenon 


ae & ee. 


sufficiently. tmportent. - hide ‘tices! ee i the sample. With the 
monochromator. however, ysed by us to obtain Debye-Sherer2/ diagrams, this 
parasitic. diffusion can be totally suppressed., In this way our attention 
was again directed to the spot, of central diffraction, and we were led to 
make a detailed qualtitative study of it. ince then’ several papers have 


a 


been published .qn .this subject. Hosemann,—/ ‘using methods of calculation 
outlined by .ue, .hag extended them to ‘the ‘épécidl case of fibrous substances. 
Kratky gl. on .the other hand, ‘etarte ‘from an entirély ‘different theoretical 
point of .view; .he examines the case, not of scattered particles, but of 


closely packed particles. 


We will now describe the experimental methods, summarize the calcu- 
lations needod in the elaboration of diagrams, and finally review the 
first. results Cnn in the vast. domain. of these new physical~chomical 
studies. . a o. 


EXPERIMENTAL METHODS, 


eeeties (2) shows that the greater the wave Length, the greater the 
angle of diffraction, and therefore the more easily is it observed. More- 
over, &8s the wave length increases, the X-ray absorption by the sample in- 
creases rapidly. It thoreforc becomes necessary to reduce the thickness 
of tho preparation, that is, of the diffusing volume, thus increasing the 
exposure time. Thorofore,-one is grcatly limited with respect to the long 
wave longths. Wo havo cmployod the CuK (As 1.54 A) currontly -uscd in - 
crystal, enplyete: Hoscmann usod a somowhat groator wave length: the complex 


P oe oe 


53 (1929); Warren, Phys. Rov., 19, 5 (1936. 
2) Guinier, Ann. de P Phys., 12, 161 (1939). | 
6/. Hoscmann, Zeit, Physik,, 113, 751 (1939); Ibid, 11%, 133 ene ee 
Elektro-Chomio, 46, 535 (1940). 
7/ Kratky, Zoit. Eloktro-Chomio, 48, 587 (1942), 


Roman, Nature, 124, 
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Plate 1 


Film 


Figure 1 


a) Diagram of the experiment. | 
b) Negative of central scattering for a sample of lampblack 


Distance from sample to film: 60 om. CuK, radiation. 
Exposure: 1 hour. 


Figure 9 


a) Pattern of solid plexiglass. 
b) Pattern of an acetone solution of plexiglass. 


Reproduced in full size. CuK, radiation. 
Distance from sample to film: 60 m. 
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radiation produced by an aluminum anticathode in a low tension tube. The. 
spectral band utilized has its center of gravity at about a » but its | 
width reduces the accuracy of the measurement, | 


The essential condition that the experimental set-up must fulfill is . 
the elimination of any parasitic fogging from even the smallest possible 
angle. The simplest arrangement is the following (fig. 2): two slits A, 
and Ao, determine @ narrow beam of X-rays coming from a relatively wide 
source, S; the beam meets the sample, E, and covers the space, njno, on 
the film, F. On the other hand, the edges of the slit, Aj, touched by the 
X-rays emit secondary rays by diffraction or fluorescence. It therefore 
becomes necessary to protect the film from them by a third slit placed just 
infront of E and adjusted in such 4 way that its edges exactly limit the 
primary beam without teuching it. Finally, it is only outside the interval, 
nno, that those beams alone, which, are diffracted by. the sample, reach 
the film, The minimam angle possible with this aa is 


sk mae. 


Geometrically, it can be shown that there exists an optimum position 
of the different slits in relation to the film, and that the minimum angle 
Cis proportional to the width of the slits, Ay and Ao, and inversely 
Proportional to their distance, It is therefore desirable to reduce the 
slits, thus decreasing the amount of radiation of the apparatus. Thus, 
in Hosemann's apparatus the slits were only 0.0025 mm, wide, and the dia- 
grams obtained started at an angle of 9.7 min. ; : the exposures were Very 
long, in the order of. 60, to 800 hours. — 


The installation used by us has already been described; a brief 
summary will recall its characteristics. Instead of using the continuous 
radiation of the anticathode, a monochromatic ray is isolated by means of 
a crystal sheet, from which the beam is reflected. A correct definition 
of the wave length makes a more accurate interpretation of the diffraction 
pattern possible, but the principal advantage lies in the geometrical proper- 
ties of the monochromator used (fig. 3); this monochromator is formed by a 
plate of quartz that has been cut and curved. Under these conditions, all 
reyes of a given wave ‘length emanating from 4 narrow source » S, placed at 
4 suitable distance from the crystal, may be reflected from the plate hav- 
ing a proper orientation and be made to converge in a point, F, placed at 
& distance, AF =» AS, Tho diffracting sample is placed in the reflected 
beam at E; the photographic film passes through F, No matter what the 
width of the beam, and consequently no mattor what the energy it possesses, 
the width of the ray, F, remains the same, whereas in the set-up having 
ho monochromator, the. opening of the slits results in a widening of the 
path of the direct bean, “The rays diffracted at any given point of the 
Simple at a given angle converge at the same point on ‘the film, In this 
wey tho relative valve of the definition of the angular diffraction does 
hot become less accurate When the angle decreases, as is the case in other 
Sct-ups, As the plate of the monochromator on which the direct beam falls 
diffracts | the X-rays, it becomes necessary, in ordor to avoid a parasitic 
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blackening on the film, to nines 8, slit whose edgoa do not touch the dean 
just in front of the sample. It has been shown that the best position fcr 
the sample is in the middle of AF. On either side of F is a blackened 
region proportional to the divergence of the beam. To obtain smaller ang): 
it is therefore necessary to decrease this opening by narrowing the slit i: 
front. of the monochromator; but it can be shown that for the same limiting 
angle greater beam openings may be used than with the double-slit set-up 
with no monochromator. This is why. en intense beam can be obtained in 
spite of monochromatization; the lower limit of the angles for which dif- 
fraction may be observed is of. the order of 20 min. The exposure time 

is of ene order of 1 hour. i 


In neither set-up doeg the beam, determined by the slits, have 4 
symmetry of revolution. To facilitate the interpretation of the results 
obtained, especially in the case of small angles, either the height of 
the beam mst be reduced by means of horizontal slits so as to give a 
very narrow beam, or, on the contrary, the height of the slits mst be 
increased, it being possible to consider the theoretical case of a planar 
beam of infinite height. The central diffraction spot then becomes a band 
whose blackness is a pune t Cn only of the eee to the intersect of the 
direct pets : 


The screen that: inbareepea the direct beam may woll be constituted or 
@ thin motal sheet, which allows enough of the direct beam to pass to ip- 
press the plate during the exposure; the image of the direct beam makes it 
possible to control the total quantity of X-rays received and to make & 
quantitative comparison of different.negatives (for the CuK ray, a copper 
sheet measuring 2/10 mm. in width would be suitable. ) 


The air that the direct beam mects between the sample and the film 
creates considerable scattcring, for, in.spite of the fact that X-ray 
diffraction by gases is slight, the diffracting domain is large and cx- 
tends to the immediate vicinity of the film; it is therefore desirable 
to create & vacuum in this region. .. «' 


Figure 4 gives a plan of.the apparatus used by us; it is composed of 
the monochromator and the slits that determine the beam, placed on a plat- 
form attached to the tube, and of a vacuum-proof chamber containing the 
sample and the photographic film, This latter is formed by a tube close¢ 
at one end by an aluminum window (1/1000 m,), through which tho X-reys 
penctrate, and at the othor by a cover ground conically carrying the filx 
in a light-proof frame. This stopper also carries the cvacuation pipe, . 
and it 1s by rotating the cover that tho apparatus is cut off from tho 
pump. Tho samplo-is placcd in air:against the .aluminum.foil. It is in 4 
smal] shallow tube with two very thin mica windows, into which the liquid 
may be poured or tho powder my .be préssed for cxamination.. The apparatus 
is rcegulatod as follows: Tho monochromator is firet. regulated in the man: 
described olsewhore;®/ by action of the slit A,} the-width of the beam, 
which should not excecd 20 to 30 min., may be determined; the edges of the 
slit Ap are then brotght to within <= few hundredths of a millimeter of 
the outside odge of the boam, This setting is very accurate and cannot bc 
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observed simply through a fluorescent screen but must be controlled photo- 
graphically. A plate is placed symmetrically to the slit with respect to 
the point of focus; on the same film the beam is photographed, first with 
the slit Ap wide open and then with the same slit narrowed until its edges 
intercept the exterior edges of the beam, The relative position of the 

. two'superimposed images indicated by how much each edge of the slit should 
be opened. Once the beam is adjusted, the diffraction chamber is so placed 
that focussing occurs at the“film; the metal sheet used as absorbing agent 
is then brought exactly on the beam by slowly rotating the chamber around 

& vertical axis passing through the sample, In this way the adjustment 

is made without disturbing the position of the sample with reference to 

the beam. The frame is then loaded, and the truncated cone is placed over 
the chamber, The apparatus is then evacuated. A blank negative mst first 
be made without the sample in order to make certain that no fogging whatso- 
ever remains on the film; only the path ‘of the direct beam should appear, 
considerably reduced by the absorbing agent. a 


DIAGRAM INTERPRETATION 


The problem is quantitative characterization of the extent of the 
central spot; the simplest procedure would be to measure the angle for 
which diffraction ceases, using forma (1). However, it so happens that 
in many cases this forma does not even give an approximite result. For 
a given negative, the size of the central scattering spot is quite easily 
defined, but the radius found in this way depends largely on the length of 
the exposure. Whereas, in characterizing a spectral ray, its width is 
measured at half intensity; this method cannot be applied here, as the 
center of the central diffraction curve is not experimentally accessible; 
it therefore becomes necessary to study the variation of the diffracted 
intensity with the angle. We wish to set forth the theoretical considcra- 
tions that make it possible to use the relation between the experimental 
curve and the particle size. - | _ | 


These calculations have already been published,2/ and only the results 
will be given here. They are based upon the following hypotheses: The 
preparation consists of a group of particles.all identical but which may 
have any given shape and orientation; they have a random distribution, 
and their density is low, that.is, the relation of .the total volume of the 
particles to the volume which is available to them is small (less than 10 
percent). These particles may be in & vacuum or in 4 homogeneous medium; 
the central diffraction is conditioned by the electrom density of the par- 
cle, that is, by the number of electrons per unit of volume; this is given 
by the forma | - | 3 


a= 5 


Where Z is the eum of the electrons in the atoms that form the molocule, 

— the moleculer mass, © the specific mass, and N Avogadro's number. 
"ticles Whose electronicedensity is A, suspended in a medium of density 

A’, give the same diffraction pattern as particles situated in 4 vacuum 
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having the same shape and a density of <\ « 4&', It is therefore to a 
difference of electronic density that x-rays are sensitive; this first 
yesult is important. From 4 practical point of view, when study ing a 
colloidal system, it is necessary to ascertain that the electronic den- 
sities of ‘the micelles and of the solvent are. not too close, otherwise 
the diffracted intensity will be -extremely weak. Kratky has shown ex-, 
perimentally that cellulose solutions in different solvents give central 
spots that are similar, but whose intensity increases as the difference 
between ‘the electronic densitias & the . eeeoree and al solvent Decemee., 
eeu t ~ > | | = ae: ae +3 hy 


em 


The: amplitude of the wave / aitereneda by a cer tiaie: is first ‘caloilated 
ane then the. intensity diffracted in a given direction ‘by. the mass of the 
particles distributed at random, . Let us consider @ small: ‘element pf the . 
preparation which is. thin enough to make absorption negligible, and which... 
contains N electrons grouped in particles composed of n electrons each; i: 
let Ie *) be the intensity. diffracted for. smaj] Te by an ee 
erm ves in wie beam under. consideration. . 


" (*)r, is given by Thomson equation: 


tiga -Iget iis (Gls -26 To. 
Te * “east ikl Lr 


I, is “the energy transported | by ‘the incident beam, por ote of ‘séction and 
per second, Yr is the Sere’ from the sample, : ‘to ‘the filn, id os : 


THe diffracted intensity is ‘gion by the following equation: 


Is | Nigne ~ 3 — R* te fad Be 
which bauation. ig valid ‘only viene is euffictently small to make’ the: 
exponent emsll with respect to unity. .R is the parameter which charac- .” 
terizos the particle size; it may be rigorously defined es follows: a. 
coefficient equal to their atomic numbor is attributed to the center of * 
the atoms of a-given particle; if 1* ic) consider the center of gravity of 
this: group of: points, Re 19. ‘tHe mean of the squarc of. the’ distances: ef - 
each atom to its center, a coefficient equal to the atomic number of the : 
atom being assigned | to each squarc. It can be shown that Ris ncne other 
than a dimension used in mechanics under the name of radius of gyration... 
that is, ‘tho length R such that the moment of inertia of the particle. wath 
.reapect to its center of gravity is mR2 ,. m being: -the total mass of. the par- 
ticle. RK may theroforc be ‘caloulatcd by @ simple goomotrical operation 
for ‘a particle of given size and Rees For ane tenee & emer of radine 
 @ Nas a radius of gyration © is 


se /3 Pe TTP | - 


for an ollipsoid of revolution aa axes 8, a, Va, 
oo @ ee = ’ ‘ oa at a ce Me 


a (3) 
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The interest: of forma (2) lies in the fact that it involves a single 
parameter, R, to characterize the size of the particle, but, conversely, 
the radius of gyration alone is obtained experimentally. Consequently, 
the geometrical dimensions of the particle can be deduced only if its form 
is known; if for instance we know that it is a sphere or an ellipsoid whose 


axes ratio is v;:: ‘equations (3) give the spherical redius or the axes of 
the ellipsoid. 


‘The ian: is sinboveten in the following manner: The Besstive is 
passed: through the microphotometer; if i is the galvanometric deviation 
for a given point on the negative and 1, the deviation corresponding to 
the ee gg partion of the film, the photographic density at this point 


is log =~ ; e. Now, for X-rays, and provided that the negatives are not too 


dark (density less than 0.7), the intensity received by the film per sur- 
face unit may be taken with a good approxitation as proportional to the. 
photographic density. This simple rule eliminates the standardization of 
the plate which is necessary for photometric aco eeue ia the visible. 
Equation (2) may also be written: 


Log I = log NIgn — aa (log ©)R2é 2 (4) 


We therefore. construct not the curve (I,Zé)- but the curve (log I, 
€ 2), . From (4) it is apparent that this _curve mst be a- straight line, 
at least for the region of small angles ¢ ; the angular coefficient =< 
of this straight line gives the radius of gyration R 


i 

Re etm log e. watts Vv 

For Aw 1.54 A (CuK=<), R is given in Scams by the equation: 
a R= OIG AVX. « 0,6hn oc, 


The application of this forma implies that at a given point of the 
film, to be specific, for the small surface. explored by the microphoto- 
neter slit, there exists a definite angle. & - In our set-up this‘con- 
dition is fulfilled only if we do not come teo close to the direct bean, 
because of the beam's finite height. But, as we have already noted, by 
increasing the height: of the beam we tend towards another .limiting case 
for which calculations are possible: that of a beam with. horizontal © 
rays of great height.: Calculation shows that save for a constant factor 
the intensity distribution in the central spot is given by the sdine 
equation (2), Formula (4) can therefore be applied without any change, 
and in this case the negativo can be examined through a microphotometer 
slit of any given hoight. oh 


The central diffraction sn gauieee by an albumen solution gives a good 
illustration of this method (fig. 5); it is apparent that the points of 


1318 - 7 “ 


Google 


I.C. 739. 


the curve fice L, £2), transposed from the curve I,¢ ) form a straight 
line and Prom its slope. the radius of gyration R # 2% bk is: obtained. If 
we EeUNe the albumen molecule to be spherjcal, wé are* ‘led ‘to a radius 
value 7-= 26.2 A, that is, a volume 74,000 A‘, from which;’'taking the albu- 
mon dcnsity as 1.3, the. molecular mass would be 58500: But this figure is 
too high, as compared with the valucs found for the moiiculer mass by other 
physical-chemical mucthods. To obtain a correct value of the molecular ms 
the molecule must be conceived as an elongated ellipsoid having an axes 
ratio of 2.4, and it. so: happens that this shape is a very probable one. 
Therefore, for: the casc where tho volume of the particle is known’ before- 


hand, study of the contral. diffraction makes it possible to ‘dotermine its 
shape. 


From central diffraction data it is re to aay ‘information | 
regarding the shape of the micelle; it must, however; be stated at once 
that for the general case where the micelles have a randoni orientation, * 
this is difficult and, rather inaccurate. The followtng ‘two methods are - 
theoretically possible. 


1. Although the center of the central scattering curve masked by 
the direct beam cannot be reached eéxperimentally, extrapolation of the 
straight part of curve (4) makes ft possible to find the intersection of 
the curve with the oo of the ordinates, that is, to determine the value 
of log NI, n. Now, I,, the intensity diffracted per electron, is know 
(Thomson's forma) if the intensity of the incident beam is measured; N, 
the total number of electrons, can be deduced from the mass of the sample 
that the incident beam encounters; this method therefore makes it possibl< 
to calculate n, the number of electrons contained in a particle » and con- 
sequently the volume of the particle; this value, in conjunction with the 
radius of gyration, gives an idea.of the form of the particle - for instanc 
the axes ratio if the particle is taken to be an ellipsoid of revolution. 
The necessary experimental measurement is no longer 4 study of how the 
diffracted intensity varies with the angle of diffraction, but a quanti- 
tative comparison of the intonsity of the direct beam with the diffracted 
beam, A photometric méthod that mkes the result possible has already 
been indicated, 


2. Equation (2) holds only for small angles. If, instead of making 
any hypotheses touching the shape of the particles, attention is given 
only to elongeted or flattened ellipsoids of revolution, accurate calcu- 
lation of the curve (I, €) becomes possible for @11 valuos of & ; from 
this we find that for ellipsoids of various shapes, but having the sane 
radius of gyration, the curves of diffracted intensity which coincide in 
the central part follow differont paths at the extromitiecs in the rogion 
of large angles. Comparison of the experimental curve with the network 
of .curves calculated for different values of the axes ratio of ellipsoids 
makes it possible to dotermine the shape of the particlo; unfortunately it 
can be secon from figure 6 how small the deviation between the different 
calculated curves are. A good degrec of accuracy cannot therefore be 
obtained by this method. 


ts 
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There is, however, a case for which the shape of the elementary par- 
ticles is clearly evident: that is when the particles, instead of being 
directed at random, all have the same orientation. This case is important 
from @ practical point of view, as such oriented preparations occur fre- 
quently. As examples we may mention fibrous substances, substances sub- 
jected to the action of certain fields, in motion, etc. Take, for instance, 
a group ot ellipsoidal particles whose axes of revolution are all parallel 
and perpendicular to the X-ray beam; the central diffraction spot is no 
longer circular. The lines of equal blackness are ellipses similar in 
shape to the meridian ellipsis of the particle, but with a rotation of 90°, 
the diffraction extending farthest in the direction in which the particles 
are the narrowest. It is very suggestive, even if not strictly accurate, 
to say that X-rays give us an image of a particle whose dimensions are of 
the order of a few tenths.of an angstrom, and yet the apparatus that makes 
an enlargement of a million diameters possible is essentially a simple 
collimator. For the case of a group of oriented particles, the diffraction 
curve of the sample is identical with that of a single particle. -Equation§- 
(2) takes the following form: 


Sa 5) 


where Ry has the following moaning: mRy° represents the moment of inertia 
of the particle with respect to the plane passing through the center of 
the particle and perpendicular to the bissector of the incident and dif- 
fracted beams. For the case of an ellipsoid of axis Oy, whose meridian 
axes are c and a (fig. 7), the decrease in diffracted intensity is given 
respectively in the directions O'x and O'y in the plane of the film by 

the exponentials: 


ao eee _ ee 2 age 
e Ne : e528 


Aand c may therefore be calculated directly; these are the equations 


used by Hosemann in his study on the fibers of cellulose and cellulose 
derivatives. 


CASE OF SYSTEMS OF REAL PARTICLES 


The theoretical considerations presented above are based on the iden- 
tity of all particles and their random, loosely packed distribution.’ These 
conditions, however, are frequently not fulfilled. We will examine suc- 
Cessively the effect of differences in the size of the particles and that 
of packing the particles more closely together. 


A, Case of Hetero-dispersed Systems 


Let us consider a group of particles of various different sizes, but 
vhich we assume to be distributed at random and at a sufficient distance 
from each other; each family of particles of a given size produces 4 
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diffraction governed by equation (2), and the total diffracted intensity 

is the sum of the functions corresponding to each family. This intensity 
can no longer 2 represented by an exponentiel, and in ‘consequence the 
curve (log I, £) is no longer a straight line; it tends towards e straight 
line only when the angle & is sm4ll enough to’ bring us into the central 
part of the curve of the largest particle present. The slope of the curve 
decreases as the angle of diffraction increases, since the influence of the 
particles of small diameter is increasingly evident. Experimentally it can 
be shown that for the case of heterodispersed systems, convex curves directe 
upward are obteinod. The limiting slope of the curve, as £ tends toward 0, 
corresponds .to a value of the radius of gyration close to that of the largcs 
perticles present. : 


Hosemann, in his study of cellulose, has tried to deduce the dis- 
tribution of .particles of different size experimentally; this is not pos- 
sible directly by analysis of the curve. Starting with a group of given 
laws of distribution, the corresponding diffraction curves are calculated 
theoretically, and the curve is chosen that is closost to the experimental 
curve; but this partly arbitrary method, which gives only an indication, 
ls nonetheless interesting in viow of the complex nature of the problem 
to be solved. To sum up, central diffraction makes it possible (1) to 
determine if a system is hetero-dispersed, (2) to calculate tho numerical 
value of the dimensions of the largest particles of the systen, and (3) to 
estimate roughly the distribution of the different sizes of particles. 


B. Particles in a Dense (Closely Packed) System 


In the systems considered so far, where the particles at a distance 
from each other have a complctely random distribution, the diffracted 
intensity is simply the sum of the intensities diffracted by each par- 
ticle; but if the particles are drawn closer together, tho waves dif- 
fracted by cach particle my, interforc, and the resulting intensity will 
be considcrably modificd. This is _casy to sco: Lot us suppose that the 
particles are ogglutinated in such a way as to leave no space between then, 
We than have a eeeeae systcm, and there is no longer any central 
diffraction. 


Let us consider a system of identical particles: When they are 
brought into contact with each other, tho system may be compared with 4 
liquid, the particle acting as a liquid molecule. The calculation used 
to establish the thceorctical diffraction curves of Liquids? may be applicd 
to the case of particles of uniform size. The following facts may thus be 
predicted: the diffracted central intensity decreases by intorfcrenco and 
takes on the value 


(ps 2 | (6) 


wherc I represents the diffractod intensity. for the system in a state of 
low density, the total value of the particles, and V the volume at thcir 


8/7 Compton and Allison, X-Rays and Electrons, MacMillan, New York, ed 


edition, p. 177. 
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disposal, If a value for the distance bctwoen the particle centers occurs 
frequently (equal to the diamctor of these particlos, as, for instanco, in 
the case of spheres that touch cach other) tho diffraction curve presents 
& maximum for an angle whose value is about half that of the anglo for 
which the intensity cancels out; thus, instcad of a spot whoso intonsity 
decreases outward from the centor, we find a ring; this case has actually 
ae tt in the study of hetorogeneous charactors of solid solutions 
fig. 1 


This, however, occurs only if the particle size is very regular; the 
seneral case, where the size varies and where the particles are also loosely 
packed, is obviously too complex to allow a theoretical study, as a mthe- 
matical definition of such a system is difficult. Kratky has treated a 
particular case (flat, parallel particles of varying thicknesses and in 
contact with one another). He found that the diffraction curve increases 
ag the angle tends to that of zero diffraction. In first approximation 
one can say that for a system that is not too compact and is composed of 
irregular particles, the diffracted intensity decreases as 4 result of 
interferences between particles in the relation 1 — d'), where dis the 

; a 


internal electronic density of the particle and d’* the average electronic 
density of the system as a whole (the particles are considered to be in a 
vacuum), but the general aspect of the curve would not be greatly modified. 


This result is justified by the following calculation: Given a system 
of K random particles, let d) be the projection of the distance from an 
electron i to an arbitrary center O situated on the bisector of the inci- 
dent and diffracted ray&S that form the angie & .. The difference in phase 
between the waves diffracted by the electron i and by an electron situated 
at O is 2d; § (fig. 8). The intensity diffracted by the sample as a whole 


is. 


This sum can be divided into two parts; 

li. If electrons 1 and mare in the same particle, the sum of the 
intensities diffracted by each of them is thus obtained, >) , Ik. This 
is the intensity Io diffracted when the particles are at & distance from 
one another, 


2. The other terms correspond to electrons situated in different 
PoEeeeaes ; 
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emi 
/Ig2.\ Ik+\ .N e — FESS (44-09), (7) 
| c dah: / mM : | 


electrons lL. apa m belonging to two Gli rereny particles. 


et us calculates 


et 


a at 


“Let d, be the projection of the distance from the seis to the center | of 
ane particle Ao i“ which‘ electron 1 belongs; gs can be written 


: CTT | 271 

oe . erie (dg-dy). — S2HE (aj-a,) 
Ss \ e | 22 A 

m may be in any particle except fas 


Let us calculate a first summation omo for all electrons of perticle 


_ ia | . Da) ; 


e 


The double summation of forma (7) is the summation of the o- correspond- 
ing to each particle. Therefore. 


iige\  (teto5); 
fx : 


— ails (dn-do) 
the summation 7? me A m "°C" extends to all electrons belonging to 


particles other than A,, that is, to all the space surrounding particle 
Ao. Let us suppose Ap to be composed of electrons whose density equals 
the average density d' of the electrons in the sample as a whole and let 
the summation >), extend to these electrons. The hole due to particle 

A, is thps suppredeed and, because of the irregular distribution of the 
particles, summation a extends to a cubic space that is statistically 
homogeneous. Consequently, it mist have a very low value. Hence, 


Soc 2 tt Q7TLE /, 
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(Ag) extends to the electrons that would occupy particle (Ap) at a 
density d‘'. Let d be the true electron density of particle Ao; summa- 


tions *'(A,) and © (Ao) of formla (3) apply to the same volume, but 
filled with electrons of different electronic densities. Therefore 


' * 


Ltn) Ltt) 
But the intensity diffracted by A, is: _ 


Io/Ie = fry 


3 


P| pe 


= Bot | L (15) ——(Ao) 
From (9), therefore, i es a 
Noah 
oO ge eae og a \ 
i (Ao) ——(Ao) 


In the same way, for each particle: 


From which it is apparent that 


T/T, = a 


eo (l — $) eIg (l=). 


Although this calculation presents rather rough approximations 
(forma (9)), the result is intereeting’in that it justifies the appli- 
cation of the method established theoretically for very widespread systems 
to more compact ones, which in actual practice occur very frequently. It 
ts, however » obviously valid only when the apparent density d' is not too 
Close to d, because for too closely packed systems, the particles in con- 
tact no longer have random shape but are deformed in such a way as to 
eliminate interstitial spaces. As a system becomes more and more compact 
it my be considered as a homogeneous body pierced by a certain number of 
cavities; it is then the cavities that are few and irregularly distributed. 
Now, an optical theorem that applies equally in the case of X-rays shows 
that the diffraction pattern of such a body is the same as that of the 
Complementary object where only the cavities are filled with substance. 

this case, the theory of dispersed systems applies rigorously, but the 
Values obtained thus give the dimensions. of the holes. 
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To sum up, the following results have been obtained theoretically: 


1. With.the present experimental set-ups, particles, in order to be 
perceived by central diffusion, must measure between 10 and 500 A; for 
larger particles, the radius of the central spot is too small to be ob- 
served; for smaller particles, the spot is too extended and its intensity 
too weak. 


e. For homo-dispersed systems of low density, the experimental curve 
can be used to obtain an accurate value characteristic of the particle size, 
its radius of gyration. = 


3. For hetero-dispersed systems, but in which particles are not too 
Closely packed, an idea of the distribution of particle sizes may be ob- 
tained. If the system is both compact and hetero-dispersed, no accurate 
quantitative results can be obtained experimentally. 


h, If the particles have a common orientation, it is possible to 
find their shape. If, on the contrary, the orientation is random, this 
becomes difficult unless their volume is known beforehand. 


COMPARISON WITH MEASUREMENT OF THE WIDTH 
OF THE LINES IN DEBYE-SHERER DIAGRAMS 


When X-rays were first used in crystal analysis, Sherer indicated a 
method for determining the size of fine crystal particles; when a powder 
is composed of very small crystals, the rings of a Debye-Sherer diagram 
become hazier as the crystals become more minute. A number of authors 
have studied the theoretical relation between the width of the lines and 
the size of the elementary crystallites, a relation that has been used in 
experimental work. Now the direction of the incident beam is a directim 
along which the waves diffracted by €811 the atoms of the crystal are in 
phase; as in the case of selective reflection we may call this the re- 
flection of index 000, The central diffraction spot, then, appears as an 
enlargement of this spot of diffraction 000, and for 4 crystallized body, 
the study of central diffraction would be a special case of the study of 
the width of the lines. But one of the advantages of our method is immodi- 
ately apparent. The central diffraction spot is much more intense than the 
D.-S. rings. The intensity diffracted by all the crystallites of the sample 
adds to 1t, whereas only a negligible number of them are dirécted in such 
& way as to diffract the incident rays at a given point in a D.-S. dane 
In actual fact, the two methods arc not as comparable as it secma at f 
glance and my lead to different results. The theoretical study of the 
width of D.-S. lines is bascd upon the hypothesis that every grain is 4 
perfect monocrystal; it is thercfore only in cases where each grain is & 
monocrystal that the two methods give identical results. In general, cen- 
tral diffusion leads to a larger particle size, whon several small crystals 
arc united in a single grain of isolatcd matter. Moreover, there may be 
oth¢r causes for the widening of D.-S. lines, as, for instance, certain 
crystal perturbations or: variations in lattico from one crystal to another; 
but the observed widening of the lines is attributed solely to the particle 
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size. It is therefore to be feared that the calculated dimensions will be. 
too large. If now wo take. ‘4p amorphous bedivs, whero the relationships of — 
the atoms:in.contact are rather vague and fluctuating, the D.-S., lines. are 
roplaced by very wide rings;. but, thcse rings are the sane whether’ the body 
is compact or finely divided (vitrous silica ‘the solution of colloidal ° 
silica). For instance, amorphous carbon gives a ring having the same aver- 
age diameter as the principal line of crystallized graphite; the width of . 
this ring gives.us tho size of the region in which. the carbon, atoms. “have | 
the relative distribution of the atoms in the graphite crystal, ‘but it 
givos no indication of the size. of. the. grain of powdored carbon,’ Ori tho ae 
contrary, the central diffraction spot. is characteristic of tho state of — 
division of matter; it is complotcly .4ndepondont of tho internal dtructure , . 
of tho grains. This is,what givcs tho method its goneralizod charactor; $t 7 
' applies cqually to amorphous and cryatal bedies. Tho grain that it sets 
in ovidonce hag a physical individuality, wheroas widening of ‘the D.-S. ” 
lines, which can bo appliod.only in tho case of crystal bodics, Bivos tho 
dimensions of a rogion having srystaltograpatc individuality. ° 


- APPLICATIONS OF THE METHOD 


We shall now reviow the applications ‘of this. method that’ have alroady 
been effected. Jn many instancos. we are dcoaling only with partial or pre-. 
liminary work that has in no wiso oxhausted the subject and that will have. 
te be ics up: epave wees tho help of other phy otcohscnom ce, mothods. a 


1. Large Moleciiea: 


Theoretical work has shown that the most accurate results are ob- 
tained for homo-dispersed substances having low particle donsity. From 
this it would appoar that.one of the most interesting fields of appli- 
cation should bo the,-study of large molecules with a molecular woight 
of 10,000 to 100,000, thore boing chcmical reasons for thinking that 
@l1 micolles are ident4 al. We have run only one preliminary’ oxporimont 
on albumen, and Kratky? recontly studied chrymotrypsine. It is to bé | 
predicted that systcmatic studics in conjunction with othor methods for 
determining. high molecular. weights should give very worthwhile results. 


2. High Po rs 


The study of micelles formed by molecular polymerization has givon. — 
rise to several papers. In collaboration with M. J. Devaux, we have . 
studied the polymors of mothyl methylacrylate (plexiglas). in the solid 
state. This body produces no central diffusion whatsoever, whereas its 
acetone solutions give central-spot diagrams. Moreover, the diffraction. 
diagrams of -these solutions show the. same rings as that. of solid plexi- 
glas (fig. 9); the inner structure of the solid body, therefore, is the 
same 48 that of the micelles. . It.seems likely that these micelles already 
have their individual character in the solid state, but that they are so 
Closely packed that all hoeterogenity disappeara. Solution liberates the — 
micelles, but it is also possible that the.solvent has a more rigorous a 
action and that. the polymerized chains are. more or ess broken Up. However 
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this may be, X-ray study -has established the following facts: Different 
solutions of samples prepared wider similar conditions give very similar 
central diffusion curves. The state of dispersion of a given polymer is 
thus rather well-defined; the graphs (log I,é@) are always smooth curves; 
the syetem is therefore hetero-dispersed. 


Assuming that solution does not cause 4 break in the chains, this 
result shows that chain lengths would vary greatly for a given state of 
polymerization. We have made a study of the variation of these scattering 
curves with that of the polymcrization temperature; the conclusion reached 
is that for all these hetero-dispersed systems nothing can be gaid about 
tho largest particles - particles whose dimensions exceed 400 A are too 
large to be accessible to our present expcrimontal sct-up; however, for 
small particles one finds that theo higher the temperature of polymerizatior, 
the fewer the number of small particles. This is shown by the two curves 
(fig. 10) obtained with samples of plexiglas polymerized at 46° and 879, 
respectively. Tho slope of curve (87°) is steeper than that of curve (46) 
It is interesting to compere this fact with the other physical properties 
of different plexiglas samples, only a certain number of which show varia- 
tions _20/ Lastly, plexiglas containing a plasticizer (butyl phthalate) 
gives @ central diffusion spot in the solid state; this shows that pone- 
tration of the plasticizer bcotween the micelles brings about a heterogenccu: 
condition; ordinary diagrams show the unchanged rings of pure plcxiglas 
on the one hand and of the plasticizer on the other. Tho curve (log I, E © 
is composed of two distinct parts (fig. 11); it may be interpreted by say- 
ing that small particlcs of plasticizer exist side by sido with large plcxi- 
glas moleculcs; in view of the very compact volume of this mixturo, quanti- 
tative mcasurcments would be subject to doubt. 


The cxperimental work of Hoscmann3/ and Kratky!/ has also boon on 
high polymers, in parttcular ccllulose and its dorivatives. Using oricntcd 
preparations of cellulose, Hoscmann has determined tho shape and sizo of the 
miccllos.. They are hetcro-disperscd systems in which he has attompted tc 
study the distribution of particles of differcnt sizes. 


3, Bodice Having a Granulatod Structuro 


In this catogory arc included substances in which the particle has 
no chemical but only a physical individuality. We may expect, thorofore, 
that the size of many of the grains will vary considerably and that such 
bodics will have rather high densitics in tho solid state - that is to 
say, that the grains will be close togcthcr, ‘The conditions are thorvforc 
quite difforent from those assumed in our thcoretical. calculations, but the 
practical interest of study by X-ray is great, cvon though it gives only 
qualitative results, because of the difficulty oncountered in characterizin 
the size of these submicroscopic particles by other methods, The electron 
microscope alonc has sufficicnt power of resolution to show up: such gréins. 
An important example is found in tho study of catalysts whose activity is 
proportional to the total surface - that is, to the finonces of tho olo- 
mentary grains. Wo havoc, for instance, verifiod the fact that catalytlt 
Ranoy nickel, which 1s moro active than ordinary reducod nickol, has 4 mch 


~ 


Revuo d'Optiquc, 2 


1318 ae cae 


Google 


Figure 12 | 
a) unactivated carbon. 
b) activated carbon. Reproduced in full size. 


Distance from sample to film: 82 mn. 
CuKa radiation. 
Exposure: 30 minutes. 


Figure 13 
Scattering at center of an AlCu alloy crystal (5% Cu, tempered from 450°, 
then hardened for 4 hours at 100°). The incident X-rays are parallel to 
one edge of the cube of the crystal. Each trace corresponds to a plane 
of copper atoms parallel to a face of the cube. 


Distance from sample to film: 37 mm. MoKe radiation. 


& b 
Figure 1, 


Central scattering for a sample of Al-Zn alloy (34% Zn). 
immediat after tempering, | 
< after 4 ad at room temperature (same conditicns 4s Figure 12). 
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finer granular structure. It is evident that applications of practical 
interest may already be foreseen. 


In collaboration with Brusset and Devaux, a preliminary study of 
various carbons has been made, the first results of which we have published 
elsewhere ,i1/ we were able to show in particular that activated carbon gives 
very extensive central diffusion, whereas the same sample before activation 
gave only a very limited spot (fig. 12). This diffusion probably is caused 
not by the presence of small particles whose formation would be difficult 
to explain, but rather by small cavities which the activation treatment 
would have emptied of their contents. 


4, Another field of application is the determination of hetero- 
geneous characters in a solid body. The sample is no longer formed by 
mterial grains separated from one another, but by a continuous solid in 
which regions of small dimensions have a different composition from the 
average, We have examined the case of solid supersaturated metallic solu- 
tions during decomposition. The initial state is that of a solution of 
homogeneous substitution with a regular distribution of the different 
atoms; following thermal treatment, the atoms of the dissolved metal group 
themselves in nuclei of small dimensions. These solutions evolve towards 
& stable state, in which two phases having distinct crystalline structures 
coexist. The central diffusion of X-rays makes possible an accurate study © 
of the intermediate states, which have great technical importance owing to 
the mechanical properties that certain alloys may thus acquire. We can do 
ho mre than mention here the results that have been developed in previous 
papers. 13/ In the case of Al-Cu and Cu-Be alloys , the atoms form 
msses whose distribution is determined by the orientation of the alloy 
crystal; in a noncrystalline sample, whore all thes® msses have a common 
orientation, the central diffusion spot assumes a characteristic shape from 
Which the shape of the atom mssos may be deduced (fig. 13). It can thus 
be shown that the dissolved atoms are grouped in flat nuclei parallel to 
the faces of the crystal cube, and the growth of thoir dimensions, diameter, 
and thickness may be observed as a function of thermal treatment. In other 
instances (Al-Ag and Al-Zn alloys), the masses of atoms have no well-defined 
form, for the appearence of the central diffusion spot does not depend on 
the orientation of the alloy crystal and always has a circular symmotry, 
but in this case the central scattering spot is formed’ by a ring (fig. 1+). 
Wo have already indicated that this ring is a sign thet the messes nearost 
to each other are placod at o distanco that remains fairly closc to a given 
value, It would appoar, therefore, that in the regions where the dissolved 
atoms concentrate, a kind of periodic precipitation occurs. 


This brief. reviow of a fow applications of tho method of central 
écattering shows in the study of how many different problems it can be 
Used, and it is our aim in this paper to draw the attention of chemists 
and physical chemists to this new physical method; its application does not 
Present serious exporimental difficultics, and it is only in thoir hands 

t,. in conjunction with other physical-chemical methods, this new tech- 
nique can fulfill what it seem to promise. 


1 Brussot, Devaux. Guinier, Comptes rendus, vol. 216, 19k3, p.- 152. 
2 Guinicr, Jour. Phys., vol. 3, 1942, p. 12h, 
13/ Guinier » Comptes rendus, séance du 17 mai 1943. 
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